Background: Evidence on the safety of the incretin-based drugs (glucagon-like peptide-1 [GLP-1] analogues and dipeptidyl peptidase-4 [DPP-4] inhibitors) with respect to colorectal cancer is contradictory. The objective of this study was to determine whether use of incretin-based drugs is associated with risk of incident colorectal cancer in patients with type 2 diabetes. Methods: Using data from the UK Clinical Practice Research Datalink, we identified a cohort of 112,040 patients newly treated with antidiabetic drugs between 1 January 2007 and 31 March 2015. We modeled use of GLP-1 analogues and DPP-4 inhibitors as timevarying variables and compared them with use of sulfonylureas. We lagged exposures by 1 year for latency and to reduce reverse causality and detection bias. We used time-dependent Cox proportional hazards models to estimate hazard ratios with 95% confidence intervals of incident colorectal cancer associated with the use of GLP-1 analogues and DPP-4 inhibitors overall, by cumulative duration of use and by time since initiation. Results: During 388,619 person-years of follow-up, there were 733 incident colorectal cancer events (incidence rate: 1.9 per 1,000 person-years). Use of GLP-1 analogues was not associated with colorectal cancer incidence (hazard ratio: 1.0; 95% confidence interval = 0.7, 1.6), nor was use of DPP-4 inhibitors (hazard ratio: 1.2; 95% confidence interval = 1.0, 1.5). There was no evidence of a durationresponse relation for either drug.
I ncretin-based drugs, which include glucagon-like peptide-1 (GLP-1) analogues and dipeptidyl peptidase-4 (DPP-4) inhibitors, are used as second-to third-line drugs in the management of type 2 diabetes. 1 Although these drugs lower glucose levels and reduce the risk of hypoglycemia compared with other antidiabetic drugs, 2 there are concerns that their use may increase the risk of certain malignancies, including colorectal cancer. 3, 4 The current evidence associating the use of incretinbased drugs with the incidence of colorectal cancer is mixed. According to safety reviews of randomized controlled trials (RCTs) conducted by the US Food and Drug Administration and the European Medicines Agency, no imbalance of colon events was observed with the 1.8 mg formulation of liraglutide (a GLP-1 analogue) compared with placebo. 5, 6 However, the Food and Drug Administration reported two rectal cancer events (0.05%; 0.06 events per 100 person-years) among users of 1.8 mg liraglutide, compared with no events in the placebo group. 5 Furthermore, in the Food and Drug Administration's review of the 3 mg formulation of liraglutide (used in weight management), two malignant colorectal events were observed in the treatment group (0.06%; 0.04 events per 100 person-years), whereas no events were observed in the placebo group. 7 The evidence continued to be mixed after the publication of large postmarketing RCTs of GLP-1 analogues and DPP-4 inhibitors. [8] [9] [10] [11] [12] [13] [14] [15] Although the majority of these RCTs reported no associations with colorectal cancer, [8] [9] [10] [11] [12] [13] saxagliptin (a DPP-4 inhibitor) was associated with a decreased risk of colon cancer (hazard ratio 14 In contrast, in a pooled analysis of 25 RCTs of sitagliptin (a DPP-4 inhibitor), there was an imbalance in the incidence rate of colon cancer compared with placebo (0.09% per year vs. 0.04% per year, respectively). 15 To date, to our knowledge, only one observational study has been conducted to assess this safety concern and did not observe an association between the use of incretinbased drugs and the incidence of colorectal cancer. 16 The biologic evidence on this potential association is limited, with few studies publishing contradictory findings. On the one hand, there is some evidence that the use of GLP-1 analogues and DPP-4 inhibitors may increase the development of malignant colorectal neoplasms. [17] [18] [19] On the other, there is competing evidence that these drugs may have anticancer properties in vitro. [20] [21] [22] [23] Thus, given the discordant information on the association between the use of incretin-based drugs and colorectal cancer incidence, there is an urgent need to assess their safety in the real-world setting. Therefore, the objective of this population-based study was to determine whether the use of GLP-1 analogues and DPP-4 inhibitors is associated with the incidence of colorectal cancer in patients with type 2 diabetes.
METHODS

Data Source
We conducted this study using the UK Clinical Practice Research Datalink. This database contains anonymized, longitudinal clinical records of over 15 million patients from approximately 700 general practices and has been shown to be largely representative of the general UK population. 24 Collected data include information on anthropometric and lifestyle variables, referrals, prescriptions, and diagnoses; the data have been shown to be of high quality and validity. 25, 26 Furthermore, colorectal cancer diagnoses in the Clinical Practice Research Datalink have been shown to be well recorded when compared with the UK National Cancer Data Repository. 27 The study protocol was approved by the Independent Scientific Advisory Committee of the Clinical Practice Research Datalink (protocol number 16_264Mn) and by the Research Ethics Board of the Jewish General Hospital, Montreal, Canada.
Study Population
We identified a base cohort of patients newly treated with noninsulin antidiabetic drugs (including metformin, sulfonylureas, prandial glucose regulators, thiazolidinediones, acarbose, DPP-4 inhibitors, GLP-1 analogues, and sodiumglucose cotransporter-2 inhibitors) between 1 January 1988 and 31 March 2015, with follow-up until 31 March 2016. Patients were required to be at least 40 years of age and with at least 1 year of medical history in the Clinical Practice Research Datalink before their initial prescription. We excluded patients with advanced type 2 diabetes, identified on the basis of an insulin prescription written before their first noninsulin antidiabetic prescription. Female patients with a prior diagnosis of gestational diabetes or polycystic ovary syndrome were also excluded, as these are other indications for metformin.
Using the base cohort, we assembled a study cohort of patients who initiated a new class of an antidiabetic drug in or after 2007 (the year the first incretin-based drugs entered the UK market). 2 New users included those newly treated with an antidiabetic drug class (i.e., first-ever antidiabetic prescription) and those who added-on or switched to an antidiabetic drug class not previously used in their treatment history. Cohort entry was defined by the date of this new antidiabetic drug prescription. We excluded all patients with a history of colorectal cancer (in situ and malignant) and Lynch syndrome 28 at any time before cohort entry, as well as patients with less than 1 year of follow-up after cohort entry for latency purposes (this included patients diagnosed with colorectal cancer within 1 year of cohort entry).
All patients meeting the study inclusion criteria were followed starting 1 year after cohort entry (i.e., person-time at risk) until a first-ever diagnosis of colorectal cancer (in situ and malignant), censored on death from any cause, end of registration with the general practice, or the end of the study period (31 March 2016), whichever occurred first.
Exposure Definition
Exposure to the different antidiabetic drugs was modeled as a time-varying variable, allowing patients to transition between different exposure groups during the follow-up period. For the GLP-1 analogue analysis, exposure was defined according to the following hierarchical definition: use of GLP-1 analogues (alone or in combination with other antidiabetic drugs), then use of sulfonylureas (alone or in combination with other antidiabetic drugs), and finally use of all other antidiabetic drugs. All drug exposures were lagged by 1 year for latency purposes and to reduce reverse causality and detection bias. Based on this exposure definition, patients were considered unexposed to the drug of interest until 1 year after treatment initiation and considered exposed thereafter for the remainder of follow-up, analogous to an intention-to-treat exposure definition. A similar exposure definition was used for the DPP-4 inhibitor analysis, where the following hierarchical exposure definition was used: DPP-4 inhibitors (alone or in combination with other antidiabetic drugs), then use of sulfonylureas (alone or in combination with other antidiabetic drugs), and finally use of all other antidiabetic drugs (eFigure 1; http://links.lww.com/EDE/B304). To avoid confounding by indication, 29 the reference category for all analyses was the use of sulfonylureas, as these represent an alternative secondto third-line treatment option. We considered, and rejected, the use of metformin as the reference category, as metformin is typically prescribed as a first-line treatment and thus it is not used at the same stage of disease as the incretin-based drugs. 30 We also defined the use of GLP-1 analogues and DPP-4 inhibitors in terms of cumulative duration of use and time since initiation, which were modeled as time-dependent variables. Cumulative duration of use was calculated by summing the durations associated with each prescription from cohort entry until the time of event (risk set). Time since initiation was defined as the time between the first ever prescription of a GLP-1 analogue or DPP-4 inhibitor and the risk set date.
Potential Confounders
The models were adjusted for the following potential confounders measured at cohort entry: age, sex, year of cohort entry, alcohol-related disorders (including alcoholism, alcoholic cirrhosis of the liver, alcoholic hepatitis, and hepatic failure), smoking status (current, former, never, or unknown), body mass index (BMI) (<25, 25-29, ≥30 kg/m 2 , or unknown), hemoglobin A1c (last laboratory result before cohort entry), duration of treated diabetes (defined as the time between first noninsulin prescription and cohort entry), previous cancer (other than nonmelanoma skin cancer), inflammatory bowel disease (Crohn's disease and ulcerative colitis), and Charlson comorbidity score. We also adjusted the models for the presence of microvascular complications of diabetes (neuropathy, renal disease, retinopathy, and peripheral arteriopathy; measured at any time before cohort entry) and the number of unique antidiabetic drugs received in the year before cohort entry, both as proxies for diabetes severity. Models were adjusted for the total number of unique nonantidiabetic drugs in the year before cohort entry, as a general measure of comorbidity. 31 Finally, models were adjusted for use of aspirin and statins at any time before cohort entry, as these drugs have been associated with a decreased risk of colorectal cancer in some studies.
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Statistical Analyses
We calculated crude incidence rates of colorectal cancer for the entire cohort and for each exposure group. For the primary analysis, time-dependent Cox proportional hazards models were used to estimate HRs and 95% CIs of incident colorectal cancer associated with the overall use of GLP-1 analogues and DPP-4 inhibitors compared with the use of sulfonylureas. All models were adjusted for the potential confounders listed previously.
Secondary Analyses
We conducted four secondary analyses. First, we assessed whether there was a duration-response relation for GLP-1 analogue and DPP-4 inhibitor cumulative duration of use on the incidence of colorectal cancer. For this time-dependent analysis, HRs were estimated for three predefined duration categories: ≤1, 1.1-2, and >2 years. Second, we assessed the association between time since initiation of GLP-1 analogues and DPP-4 inhibitors and colorectal cancer incidence (≤2 and >2 years). Third, we assessed the association with the most common individual drugs within each incretin-based drug class (GLP-1 analogues: exenatide and liraglutide; DPP-4 inhibitors: sitagliptin and saxagliptin). Finally, the analyses were repeated after stratifying on colon versus rectal cancer.
Sensitivity Analyses
We conducted seven sensitivity analyses to assess the robustness of our findings. First, we repeated the primary analysis after increasing the exposure lag period to 2 years, as there are uncertainties related to the length of the latency time window. Conversely, to explore the possibility that the previously reported increased risk was owing to a tumor promoter effect, we repeated the analysis by removing the lag period. Third, to assess possible detection bias of undiagnosed colorectal cancer, we stratified the cohort based on referrals to colonoscopy screening or fecal occult blood testing, measured in the 5 years before cohort entry. 34 Fourth, to address the possibility of outcome misclassification, we repeated the analysis on restricting to malignant colorectal cancer and censoring on in situ colorectal cancer diagnoses. In the last three sensitivity analyses, we addressed possible residual confounding by repeating the primary analysis using the disease risk score method, marginal structural models, and multiple imputation for variables with missing information (eMethods 1-3; http://links.lww.com/EDE/B304). All analyses were conducted with SAS version 9.4 (SAS Institute, Cary, NC).
RESULTS
A total of 112,040 patients met the study inclusion criteria ( Figure) and were followed for a mean (SD) of 3.5 (2.2) years after completing the 1-year postcohort entry latency period. During 388,619 person-years of follow-up, there were 733 incident colorectal cancer events, generating a crude incidence rate of 1.9 (95% CI = 1.8, 2.0) per 1,000 person-years. Among these events, 715 (incidence rate: 1.8, 95% CI = 1.7, 2.0 per 1,000 person-years) were malignant versus 18 (incidence rate: 0.05, 95% CI = 0.03, 0.07 per 1,000 person-years) in situ colorectal cancers. A total of 5,724 (5.1%) patients were prescribed GLP-1 analogues during the study period, and 22,276 (19.9%) patients were prescribed DPP-4 inhibitors. Table 1 presents baseline characteristics for the cohort overall and stratified by use of GLP-1 analogues, DPP-4 inhibitors, and sulfonylureas at cohort entry. Compared with sulfonylurea users, GLP-1 analogue users were younger, more likely to have had alcohol-related disorders, and less likely to be current smokers. Additionally, GLP-1 analogue users were more likely to have a higher BMI, to have a higher hemoglobin A1c level, and were more likely to have neuropathy and retinopathy. Compared with sulfonylurea users, DPP-4 inhibitor users were older, more likely to have had alcohol-related disorders, and less likely to be current smokers. DPP-4 inhibitor users were more likely to have a higher BMI, to have a higher hemoglobin Alc level, and a higher Charlson comorbidity score. DPP-4 inhibitor users were also more likely to have neuropathy and retinopathy.
The results of primary and secondary analyses are shown in Tables 2 and 3 . Compared with the use of sulfonylureas (2.0 cases per 1,000 person-years), the use of GLP-1 analogues (1.6 cases per 1,000 person-years) was not associated with the incidence of colorectal cancer (HR = 1.0; 95% CI = 0.7, 1.6). Furthermore, there was no evidence of a duration-response relation both in terms of cumulative duration of use and time since initiation (Table 2) .
Compared with the use of sulfonylureas (1.9 cases per 1,000 per son-years), the use of DPP-4 inhibitors (2.1 cases per 1,000 person years) was not associated with the incidence of colorectal cancer overall (HR = 1.2; 95% CI = 1.0, 1.5) or by cumulative duration of use and time since initiation (Table 3) . Similar findings were observed when analyses were repeated stratifying on individual drug type and when stratifying on colon versus rectal cancer (eTables 1-4; http://links.lww.com/EDE/B304).
Sensitivity Analyses
The results of the sensitivity analyses were consistent with those of the primary analysis (eFigure 2; http://links. lww.com/EDE/B304, eTables 5-18; http://links.lww.com/ EDE/B304). For GLP-1 analogues, the adjusted HRs ranged between 0.9 and 1.9, whereas for DPP-4 inhibitors, the adjusted HRs ranged between 0.8 and 1.2.
DISCUSSION
In this large population-based cohort study with a mean follow-up of 3.5 years (after accounting for a 1-year postcohort entry latency period) and with up to 9.5 years of potential follow-up, the use of GLP-1 analogues or DPP-4 inhibitors was not associated with incident colorectal cancer, when compared with the use of sulfonylureas. Furthermore, there were no associations by cumulative duration of use or time since initiation, and the findings remained highly consistent in sensitivity analyses that considered different sources of bias.
Overall, our findings are consistent with the vast majority of RCTs, which showed no association between different incretin-based drugs and colorectal cancer incidence. [8] [9] [10] [11] [12] [13] Moreover, our findings provide some reassurance that the diabetic dose of liraglutide (1.8 mg) is not associated with an increased risk of colorectal cancer. However, it is not possible to rule out a potential increased risk of colorectal cancer with higher doses of liraglutide, such as those used in weight management trials. Indeed, our study population did not include users of the 3 mg formulation, which is commonly used for treatment of obesity among nondiabetic patients. With respect to DPP-4 inhibitors, we did not observe any association with colorectal cancer incidence either overall or by individual FIGURE. Study flow chart of patients included in the base and study cohorts. drug types. This is inconsistent with prior RCTs that produced contradictory evidence; both decreased 14 and increased incidences 15 have been reported with saxagliptin and sitagliptin, respectively. However, these RCTs were not designed or powered to assess cancer incidence and thus generated few events limiting the interpretation of their findings.
To our knowledge, only one observational study has been conducted to assess this possible association. 16 Using US Medicare data from 2007 to 2013 and an as-treated exposure definition, there was no association between the use of DPP-4 inhibitors and incident colorectal cancer, regardless of whether these drugs were compared with thiazolidinediones (HR = 1.2; 95% CI = 0.9, 1.7) or sulfonylureas (HR = 1.0; 95% CI = 0.7, 1.3). 16 Similar findings were observed for the use of GLP-1 analogues, when compared with the use of longacting insulin (HR = 0.8; 95% CI = 0.4, 1.6). 16 Although our findings confirm those of the previous study, 16 the previous study was limited by its short duration of follow-up, which ranged between 0.7 and 1.2 years. Such short durations limit the interpretation of safety for outcomes such as colorectal cancer. [8] [9] [10] [11] [12] [13] [14] [15] [16] The existing biologic evidence on the relation between the use of incretin-based drugs and colorectal cancer is contradictory. [17] [18] [19] [20] [21] [22] [23] Although our study did not find an increase in the incidence of colorectal cancer with these drugs, it is not possible to completely rule out a tumor promoter effect with the use of GLP-1 analogues. Indeed, GLP-1 analogues may enhance the growth of the small and large bowel via fibroblast growth factor 7, and activation of the GLP-1 signaling pathway may promote gut growth and crypt fission. 17 This effect may be masked by the possible anticancer properties of GLP-1 analogues observed in vitro, whereby increased activation of the GLP-1 receptor has been shown to alter cell morphology, induce apoptosis, and inhibit proliferation of colon cancer cells. 20, 23 The evidence on DPP-4 inhibitors is lacking; these drugs have been shown to be cytotoxic agents against colon carcinoma cells and lower colon carcinogenesis in rat models. 21, 22 However, there is competing evidence that long-term inhibition of the DPP-4 enzyme can lead to immune dysregulation and increased cancer risk 18 and that DPP-4 inhibitor use may support the metastasis of colon cancer cells. 19 Overall, such experimental studies should be interpreted with caution, as animal models do not represent the complex pathophysiology of patients with type 2 diabetes, a population that is already at an increased risk of colorectal cancer. 35 Overall, our findings suggest that the incretin-based drugs are likely to have neutral effects on colorectal carcinogenesis in the relative short term, and thus future studies with longer follow-up will be needed to confirm our findings.
This study has several strengths. First, our study generated 388,619 person-years of follow-up, allowing for the identification of a substantial number of incident colorectal cancer events. Second, we used a new-user study design to reduce biases associated with the inclusion of prevalent users. 36 Third, we used a time-dependent exposure definition that took into account the dynamic nature of the pharmacologic management of type 2 diabetes, which eliminated the possibility of immortal time bias. 37 Fourth, a lag period was used for latency purposes and to reduce detection bias and reverse causality. Fifth, all models were adjusted for a number of potential confounders including smoking status, alcoholrelated disorders, and BMI, which are all known risk factors of colorectal cancer. Finally, the results remained consistent across several sensitivity analyses, illustrating the robustness of our findings. This study also has some limitations. Some exposure misclassification is possible as prescriptions in the Clinical Practice Research Datalink represent those written by general practitioners and not specialists. However, in the United Kingdom, general practitioners are responsible for maintaining the long-term care of patients with type 2 diabetes, and thus we expect such misclassification to have had an unimportant impact on our exposure definition. Although colorectal cancer diagnoses have been shown to be well recorded in the Clinical Practice Research Datalink, 27 outcome misclassification remains possible. However, we expect this potential misclassification to be nondifferential between the treatment groups. As with all observational studies, residual confounding from unmeasured variables (such as family history or race/ethnicity) is possible, although it is unclear how these unmeasured variables would influence the prescribing of incretin-based drugs. Furthermore, we obtained consistent results in sensitivity analyses using the disease risk score method and marginal structural models to control for time-dependent confounding. This study is also limited by its mean follow-up of 3.5 years after accounting for a 1-year latency after cohort entry, which may be considered short to assess cancer incidence. However, the rationale for conducting this study was based on signals from short duration RCTs (12 weeks to 2.1 years), 14, 15 and thus our study had long enough follow-up to assess colorectal cancer incidence in the relative short term. Furthermore, based on the upper limits of the CIs of the main analyses (1.6 for use of GLP-1 analogues and 1.5 for use of DPP-4 inhibitors), our study was sufficiently powered to rule out strong associations between the use of the incretin-based drugs and colorectal cancer though the possibility of weaker associations remains. Finally, given the rarity of the outcome, some of the secondary analyses resulted in wide CIs. In summary, the results of this large population-based study indicate that, compared with the use of sulfonylureas, the use of incretin-based drugs is not associated with a substantial increase in the incidence and may be unassociated with the incidence of colorectal cancer, among patients with type 2 diabetes.
